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We examine the effects of magnetic moments of right-handed neutrinos, whose masses are set at around TeV 
scale, then it is plausible to have a large enhancement for the production cross section of TeV scale right-handed 
neutrinos though the Drell-Yan process, e'^e~ — > 7, NiNj (i 7^ j), which is within the reach of the 

future linear collider (ILC). 
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INTRODUCTION 

The strong evidence of neutrino oscillations from the so- 
lar, atmospheric as well as long baseline accelerator and reac- 
tor neutrino measurements implies finite neutrino masses and 
mixings, and this is also the evidence of new physics beyond 
the standard model (SM). 

The couplings of neutrinos with the photons are generic 
consequences of finite neutrino masses, and are one of the 
important intrinsic neutrino properties to explore. The study 
of neutrino magnetic moments is, in principle, a way to distin- 
guish between Dirac and Majorana neutrinos since the Majo- 
rana neutrinos can only have flavor changing, transition mag- 
netic moments while the Dirac neutrinos can only have flavor 
conserving one. 

However, in the standard electroweak theory extended to 
include the Dirac-type neutrino masses. 
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that gives the usual Dirac-type neutrino masses as — y^v 
{v — 174 GeV), it has been shown in 1 1] that 



3.2 X 10-19 /XB, (2) 
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which is strongly suppressed owing to the chiral symmetry 
and the GIM cancellations and a consequence of small neu- 
trino masses. 

From the experimental side of view, laboratory bounds on 
the magnetic moments of neutrinos are obtained via elastic 
ly — e scattering, where the scattered neutrino is not observed. 
The most several constraint at the laboratory experiments is 
given by a reactor experiment which gives 



< 0.74 X IQ-^Vb (90 % C.L.) 
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In general, the magnetic moments of neutrinos are described 
by the following dipole operator 



^int = I'-uVL'J^^uI'rF'^'' + h.C. , 



(4) 



If the neutrinos are Majorana particles, one can only have a 
flavor changing dipole operator 



Ant = /i>IC- V^.Z^i^^'^'^ + h.C. [l ^ j) 
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The former is the usual Dirac-type magnetic moment, while 
the latter, which violates lepton number by two units, is re- 
ferred to as 'transition magnetic moment'. Note that both of 
lepton flavor and CP violations are necessary for the non-zero 
transition magnetic moment to be induced (except the CP in- 
variant case with relative CP-phase tt). For Majorana neutri- 
nos in the standard model extended to incorporate the see-saw 
mechanism The transition magnetic moment is found to 
bell: 
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where mi is the mass eigenvalue of the i-th generation neu- 
trino, U is the MNS lepton mixing matrix, and M\y is the 
weak boson mass. Note that in order to evaluate the transi- 
tion magnetic moment we need informations of the absolute 
values of neutrino masses and all the elements in U including 
three CP-phases. 

In a very general class of models, one usually finds a rela- 
tion between the neutrino masses and the magnetic moments 
of neutrinos fl. This is because the magnetic moment opera- 
tor ( [Tol l has the same chiral structure as the neutrino mass op- 
erator. Thus, if in the diagrams of the neutrino magnetic mo- 
ment the external photon line is removed, it also contributes 
to the neutrino mass, in general. 
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where fh is the mass of heavy particle that circulate in the 
loop. In the case of SM, this scale coiTesponds to the mass 
of W, and in the case of supersymmetric extension of the SM 
(SSM), it represents a typical mass of SUSY particles' masses 
||6(]. In most models which are some extension of the stan- 
dard model, the magnetic moment of neutrinos is always pro- 
portional to the neutrino mass, and it can not become large 
enough to be detectable. 

On the other hand, in more general models there is no 
longer a proportionality between neutrino mass and its mag- 
netic moment, even though only massive neutrinos have non- 
vanishing magnetic moments without fine tuning. Indeed, 
there are some class of models which lead to a large amount of 



magnetic moment of neutrinos in nM\ where a global sym- 
metry is used and in ||9, T^, U , 12, [l3ll where the gauge sym- 
metry is extended. 



where rrih is the Higgs boson mass. Mi is the mass eigenvalue 
of the i-th generation right-handed neutrino, and y is a unitary 
matrix which diagonalize the mass matrix of the right-handed 
Majorana neutrinos. 



MAGNETIC MOMENT OF RIGHT-HANDED NEUTRINOS 

The important notice of this paper is that if the scaling 
rule of magnetic moment of neutrinos (|7]) is applied to the 
heavy right-handed neutrinos, they can, in general, have a 
large amount of magnetic moment evading the chiral suppres- 
sion. The basic idea to have a large magnetic moment for the 
right-handed neutrinos is motivated by the work in lll4 11511 . 
where the possibility to have a large electric dipole moment 
(EDM) for heavy leptons have been discussed. 

In this work, we consider the effects of TeV scale right- 
handed neutrinos. It has received some interests on the study 
of electroweak-scale scale right-handed neutrinos, see, for in- 
stance, Ref . lll6ll . The most generic effective Lagrangian ap- 
proach to study the effects of heavy Majorana neutrinos N 
with sub-TeV masses has recently been done in Ref. iITtIi . 

Now we consider to include the Yukawa coupling of the 
right-handed neutrinos and the Majorana mass terms for the 
right-handed neutrinos which violates the lepton number by 
two units. 
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that gives the effective left-handed neutrino masses in the form 
of well-known see-saw formula as = in^M^^inD 
with mo = y^v after integrating out the right-handed neu- 
trinos. From the see-saw formula, one can estimate the size 
of the neutrino Yukawa coupling in case of TeV right-handed 
neutrino: 



y2 = 3 X 10-" 
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So, it is very tiny but it is remarkable to say that it is just the 
same order for the electron Yukawa coupling. 

If we include the right-handed neutrinos as Majorana parti- 
cles, one can again have a flavor changing dipole operator 



Ant = M^iV'C- V^.TV-''^^'"' + h.c. {l ^ j) . 



(10) 



As similar to the case of left-handed neutrinos, the transition 
magnetic moment for the right-handed neutrinos is found to 
be 
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CROSS SECTION OF THE RIGHT-HANDED NEUTRINOS 

A discussion of the differential cross section for a heavy 
charged lepton can be found in Ref. fTS]. Here we are in- 
terested in right-handed neutrino production. The differential 



cross-section for the process, 
j), is given by 
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fij^, Cv = 5 ~ 2 sin 9w, and we have dropped 
the numerically negligible Cy terms, for simplicity. 

In Fig. [T] it is shown the differential cross section for the 
process, e+e^ ^ 7, Z* ^ NiNj [i 7^ j), for a given heavy 
Majorana mass scale M — 200 GeV and a fixed center of 
collider energy -/s — 500 GeV as a function of scattering 
angle cos 6. 

In Fig. I2] it is shown the total cross section for the process, 
e+e^ ^ 7, ^ NiNj [i 7^ j), for varied heavy Majorana 
mass scales M = 200, 300, 400, 500 GeV as a function of 
center of collider energy y/s. 

In Fig. [51 it is shown the total cross section for the process, 
e+e^ ^ 7, Z* ^ NiNj {i ^ j), for varied center of collider 
energies = 500, 700, 800, 1000 GeV as a function of 
heavy Majorana mass scale M. 

In these plots, we have used an approximation that the final 
state right-handed neutrinos have almost the same masses with 
each other, which is denoted by M. It can be seen that the total 
cross section for the production of TeV right-handed neutrinos 
can reach a few fb, cr ^ 5 fb. 
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FIG. 1: The differential cross section for the process, e e 
7, Z* NiNj (i 7^ j), is shown as a function of scattering an- 
gle cos e. Here we have fixed M = 200 GeV and ^ = 500 GeV. 
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FIG. 2: The total cross section for the process, e^e — + 7, Z* ^ 
NiNj {i 7^ j), is shown as a function of center of collider energy 
Here we have varied M = 200, 300, 400, 500 GeV from the 
top to the bottom curves. 

After the production of a right-handed neutrino, it decays 
into a left-handed neutrino (I'i) and a Higgs boson (h), Ni 
Vi + h. So, in total, we have two different flavor neutrinos 
and two Higgs bosons although the Higgs would subsequently 
decay into the SM particles producing some jets. Therefore, 
finally we would have some jets {jj) plus a missing energy 
originated from a pair of neutrinos having different flavors. 



FIG. 3: The total cross section for the process, e^e — + 7, Z* — > 
NiNj {i 7^ j), is shown as a function of heavy Majorana mass scale 
M. Here we have chosen ^ = 500, 700, 800, 1000 GeV from the 
left to the right. 

CONCLUSION 

We have considered the magnetic moments of right-handed 
neutrinos, whose masses are set at around TeV scale. Because 
of the scaling rule of magnetic moment of neutrinos, the heavy 
right-handed neutrinos can, in general, have a large amount of 
magnetic moments evading a chiral suppression. Such large 
magnetic moments can enhance the production cross section 
of TeV scale right-handed neutrinos though the Drell- Yan pro- 
cess, e+e" ^ 7, NiNj {i ^ j), which is within the 
reach of the future linear collider (ILC). 
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